Subsite (the H-site) hydrophobicity of the rat glutathione S-transferase P-form (GST-P, 7-7, pi class species) and six other GST species of the alpha and mu classes was examined theoretically and experimentally by application of linear free energy relationships (LFERs) with a series of S-alkylated glutathiones, GS(CH 2 ) n-1 CH 3 (n ϭ 1-12). Plots of log K i (inhibition constant) versus n were used to generate LFERs for microscopic hydrophobic interactions. The free enthalpic change per methylene group (-∆∆G°, absolute value) evaluated for GST-P (1.8 kJ/mol) was lower than those for the other six forms (2.4-3.5 kJ/mol). In addition, the enthalpic change (∆∆H°) determined from van't Hoff plots was much smaller for GST-P (0.5 kJ/mol) than the GST1-1 value (5.9 kJ/mol). As these thermodynamic parameters, ∆∆G°and ∆∆H°, may be considered as indirect and direct measures of GST hydrophobicity respectively, the H-site hydrophobicity of GST-P is thus very low as compared with those of other forms, clearly indicating that the pi class GST-P selectively targets for weak electrophiles, i.e. water-soluble carcinogens such as acrolein and hydroxyalkenals. The finding also defines a host-defensive role of the preneoplastic cells against the carcinogenic insult, although paradoxical.
Introduction
Much attention has been focused on the pi class glutathione S-transferases (GSTs) of rat and man, specifically found to be abnormally expressed in preneoplastic and neoplastic cells, including various cancer cell lines (1) (2) (3) (4) . Rat GST-P (7-7) has been utilized as one of the most reliable neoplastic marker enzymes, not only for the basic analysis of chemical carcinogenic processes, but also in the animal test for screening carcinogens and carcinogenic modifiers developed by Ito's group (4) (5) (6) (7) . However, neither a specific substrate(s) nor a specific function accountable for the preferential induction of pi class GSTs during neoplastic development has so far been identified and the enzyme has a broad substrate specificity overlapping with those of others (8, 9) . Glutathione S-transferases (GSTs) are a family of multi-functional enzymes that catalyse the conjugation of glutathione (GSH) with a number of electrophilic compounds and also act as binding proteins (1, 2) . The major cytosolic GSTs have been grouped into the alpha and mu classes according to a species-independent classification. Since all the substrates are hydrophobic in nature and the active site of GST is composed of a hydrophobic region (the H-site) that accommodate electrophiles together with the glutathione binding site (the G-site) (10, 11) , hydrophobic force may play essential roles in defining substrate specificities and ligand binding abilities. However, in contrast with the electrostatic force and hydrogen bonding which are strong and specific, the so-called hydrophobic force is generally very weak and non-specific, the non-polar interaction being composed of positive attraction between hydrophobic groups and negative attraction caused by the solvent water molecules (12) (13) (14) . Moreover, enzymes and proteins are composed of various hydrophobic amino acids that give rise to numerous possible interactions among the residues and/or ligands. Owing to the inherent difficulties, therefore, evaluation of microscopic hydrophobic interaction(s) in macromolecular systems is problematic. However, it was noted that GST-catalysis is a rare enzymic system to which linear free energy relationships (LFERs) (15, 16) are applicable when examined with a series of S-alkylated GSH inhibitors as reporter molecules. In the present study, the H-site hydrophobicity of GST-P (7-7) and six other major cytosolic GSTs (alpha class: GSTs 1-1, 1-2 and 2-2; mu class: GSTs 3-3, 3-4 and 4-4) was examined theoretically and experimentally by the linear relationships. The present physicochemical approach may also be useful in order to evaluate the active site or appropriate binding site hydrophobicity of other isoenzymes or proteins.
Materials and methods

Chemicals
Alkyl iodides, I(CH2) n -1CH3 (n ϭ 1-12), were purchased from Sigma (Milwaukee, WI) and Aldrich Japan (Tokyo). 1-Chloro-2,4-dinitrobezene (CDNB) and GSH were from Nakarai (Osaka, Japan). Other chemicals were of reagent grade.
Synthesis of inhibitors
A series of S-alkylated glutathiones. GS(CH2) n -1CH3 (n ϭ 1-12), were synthesized and recrystallized according to the method of Mannervik and Guthenberg (17) . Inhibitor concentrations were determined by the trinitrobenzene sulfonic acid method using leucine as a standard (18) .
Enzyme preparation
GSTs, 1-1, 1-2, 2-2, 3-3, 3-4 and 4-4, were purified from male SpragueDawley rat livers according to the method of Mannervik and Jensson (19) . GST7-7 was purified from livers of rats bearing hyperplastic foci and nodules as reported previously (5) .
GST assays
GSTs were assayed with 1 mM GSH and 1 mM CDNB as the substrates in 100 mM KH 2 PO 4 , pH 6.5, according to Tahir et al. (20) . Inhibition reactions were performed by addition of enzyme solution (0.1 ml) to phosphate buffer (0.7 ml) containing appropriate concentrations of GSH, inhibitor solution (0.1 ml) and 10 mM CDNB (0.1 ml). A Beckman spectrophotometer Model DU 640 equipped with a Peltier temperature controller was used for the assays.
Theory of LFERs for the analysis of H-site hydrophobicity of GSTs
Evaluation of free enthalpic changes
In the binding interaction of an S-alkylated GSH inhibitor to GST, the inhibition constants, assuming that the conformation of the GSH moiety of the inhibitor is independent of the alkyl chain length on binding to the enzyme. For well correlated LFERs as schematized in Figure 1 , it can be assumed that the steric factors are negligible as a first approximation. Since methylene groups are small and flexible and their hydrophobic interaction is non-specific, a major steric contribution would not be expected with elongation of the alkyl chain. Accordingly, the LFERs can be regarded as depending primarily on the hydrophobic interaction. In the linear range of n (e.g. n ϭ 1 -n), the H-site can therefore be assumed to be homogeneous so that ∆∆G°2 ϭ ∆∆G°3 ϭ ---ϭ ∆∆G°n. Linearity could thus be a measure of the homogeneity of the hydrophobic region and the slope a measure of the strength of the interaction, i.e. the H-site hydrophobicity.
Evaluation of enthalpic changes
When LFERs are valid at an appropriate range of temperature, the enthalpic change for the microscopic hydrophobic interaction, ∆∆H°, may be estimated from the van't Hoff plot:
] is the mean slope of the log K versus n plot determinable at an appropriate temperature. The entropic term, ∆∆S°, can then be calculated from the equation, ∆∆G°ϭ ∆∆H°-T∆∆S°. As discussed in a later section, ∆∆G°and ∆∆H°could be indirect and direct measures of the H-site hydrophobicity of GSTs.
Determination of substrate inhibition constants
As seen in Figure 1 , the two inhibition constants, K i,min and K i,max , which are obtainable by extrapolation to n ϭ 0 from respective linear regions, denote minimum and maximum binding affinities of the alkylated inhibitors to GST, nominally. Of note, the former K i,min value corresponds to the substrate inhibition constant (21) , as it represents the affinity of the sole substrate GSH moiety to the enzyme. Accordingly, the intercept (log K i,min ) and the slope (-∆∆G°) may represent binding affinities of an alkylated inhibitor to the G-site and H-site of GST (11), respectively.
Measurement of H-site size
The H-site size of GST (length) may directly be measurable from the log K i versus n plots with the inhibitors as 'yardsticks' as the interaction between the alkyl moieties and the H-site is positive within the active site (∆∆G°Ͻ 0), but negative (∆∆G°ϭ 0) outside of it; n denotes the H-site length from the sulfur atom of GSH moiety bound to the G-site (Figure 1a,b) . 
Results
Determination of inhibition constants for GSH conjugation catalyzed by seven molecular forms
The S-alkylated GSH analogues, GS(CH 2 ) n-1 CH 3 , n ϭ 1-12, acted as competitive inhibitors in the simple Michaelis-Menten kinetics of the GST-catalyzed reactions. Inhibition constants, K i s, were determined by Dixon plots (21) . A typical example of inhibition of the GST-P-catalyzed reaction with S-hexylGSH (n ϭ 6) is shown in Figure 2 . The K i values obtained for the seven forms are shown in Table I . The values varied across three to four orders of magnitude in the increasing order of pi class (GST-P, 7-7), mu class (GSTs 3-3, 3-4, 4-4) and alpha class (GSTs 1-1, 1-2, 2-2) with elongation of the alkyl chain from n ϭ 1-12. Judging from the changes of the K i values, GST-P showed the highest affinity for the GSH moiety of the inhibitors, but the weakest one for the alkyl moieties among the seven forms.
LFERs in the log K i versus n plots for seven rat GSTs
In the log K i versus n plots for the seven GST species ( Figure  3 ), well correlated LFERs were observed for GSTs 1-1 ( Figure  3a ) and 7-7 ( Figure 3g ) in the range of n ϭ 1-10. In contrast, the plots for GSTs 1-2, 2-2 and 4-4 were composed of two linear regions. Distinct deviations were observed for GSTs 3-3 and 3-4 at n ϭ 4-7, although two linear regions were seen at n ϭ 1-4 and 7-14. Since GSTs are either homo-or heterodimers, the linear patterns indicate that the H-sites of subunits 1 and 7 are very homogeneous, and those of subunits 2 and 4 fairly homogeneous. The plots for GSTs 3-3 and 3-4 are very similar, which might be characteristic of subunit 3 rather than subunit 4, as the specific activity of GST3-3 is 3.5-fold higher than that of GST4-4 (8). Accordingly, the H-site of subunit 3 appears to be heterogeneous judging from the deviation in the region of n ϭ 5-7. The ∆∆G°values evaluated from respective plots are shown in Table II , H-site hydrophobicity of subunit 7 having the lowest among the five subunits. K i,min values obtained by extrapolation to n ϭ 0 were for GSTs, 1-1 (3.5 Ϯ 0.6 mM), 1-2 (3.2 Ϯ 0.3 mM), 2-2 (1.8 Ϯ 0.5 mM), 3-3 (1.2 Ϯ 0.6 mM), 3-4 (1.0 Ϯ 0.3 mM), 4-4 (0.8 Ϯ 0.2 mM) and 7-7 (0.16 Ϯ 0.02 mM), respectively. Namely, the GSH binding affinity of GST-P appears to be 5-to 8-fold and 10-to 20-fold greater than those of mu and alpha class GSTs respectively.
Determination of enthalpic changes (∆∆H°s) for the microscopic hydrophobic interaction in the H-sites of GST1-1 and GST-P
As the LFERs were especially valid for GST1-1 and GST-P (Figure 3a,g ), temperature dependence of the linear plots was then examined for the two forms. The LFERs were observed for the two GSTs not only at 25°C, but also at 10, 15, 20, 30 and 35°C. While the slope was highly dependent on temperature for GST1-1, it was almost independent of this variable for GST7-7 as schematized in the inset figures in Figure 4 . The intercept value, K i,min , was decreasing on increasing the temperature for either case. The intercept and the slope may represent binding affinities of inhibitor to the G-site and Hsite of GST, respectively. The G-and H-site bindings appear to be typical of hydrophilic and hydrophobic interactions, respectively (11, 26, 27, 29) . It can clearly be seen that the two basic interactions are showing contrasting patterns against the change of temperature for GST1-1 with a pseudo-isobestic point at n µ 2, but not for GST7-7. From van't Hoff plots ( Figure 5 ), enthalpic changes, ∆∆H°s, for the microscopic hydrophobic interaction in the H-sites of the two forms were generated. It can be seen that the interactions are entropic rather than enthalpic. Notably, ∆∆H°values were positive for both subunits 1 and 7, but the former was much greater (5.9 Ϯ 0.2 kJ/mol) than the latter (0.5 Ϯ 0.1 kJ/mol) ( Table III) .
Size of the H-sites of GSTs
The H-site lengths of GSTs are directly measurable from the LFERs with the inhibitors. Assuming the bond lengths of S-C, C-C and C-H to be 0.181, 0.154 and 0.107 nm, and the bond angles of C-C-C and S-C-C to be the same at 109°, the H-site lengths of the five subunits were calculated. The Hsite lengths of subunits 1 and 7 were similar and corresponding to n ϭ 10, calculated as: [1ϫ(S-C) ϩ 9ϫ(C-C)]ϫsin(109/2) ϩ 1ϫ(C-H) ϭ [0.181 ϩ (9ϫ0.154)]ϫsin(109/2) ϩ 0.107 ϭ 1.382 µ 1.4 nm. In contrast, those of subunits 2, 3 and 4 were longer than n ϭ 12, i.e. 1.7 nm. Sinning et al. estimated that the H-site size of human GSTA1-1 corresponded to~10 atoms, i.e.~1.5 nm (30).
Discussion
It is apparent from the present data that complicated microscopic hydrophobic interactions can be simplified by referring to LFERs in log K i versus n plots. In a mathematical sense, the hydrophobicity evaluated from the LFERs may correspond to a particular solution for the difficult problem. The described physicochemical approach is of interest in two major contexts. The first concerns theoretical and experimental evaluation of the microscopic hydrophobic interaction in the active site or binding site of enzymes and proteins. The other is the identification of biochemical characteristics of the preneoplastic marker enzyme rat GST-P (7-7) to account for its physiological roles. To our knowledge, this is the first application of LFERs to the analysis of hydrophobic interactions in isozymic systems.
Linear free energy relationships for analysis of the H-site hydrophobicity of GST isoenzymes
It is particularly advantageous that the hydrophobic components of GSTs are separable from LFERs in the log K i versus n plots, minimizing the contribution of steric factors. The free enthalpic changes per methylene group (∆∆G°s) obtained from the linear plots may, therefore, principally represent the strength of the microscopic hydrophobic interaction between the alkyl groups and the H-site of GST. The absolute value (-∆∆G°) could, therefore, be a measure of the H-site hydrophobicity.
In Figure 6 , hydrophobicities of the five rat GST subunits, 1, 2, 3, 4 and 7 are shown together with those of four subunits of human GSTs, A1, A2, M1 and P1 (unpublished data). It should be noted that the H-site hydrophobicities of GST-P (subunit 7, 1.8 kJ/mol) and GSTP1-1 (subunit P1, 1.6 kJ/mol) are the lowest among the respective subunits, being as low as those of aldehyde dehydrogenase and choline esterases (22, 23) . Since hydrophobic interaction is principally driven by negative Table III . Thermodynamic parameters for the microscopic hydrophobic interaction in the H-site of two GSTs attraction caused by solvent water molecules rather than positive attraction between hydrophobic groups, ∆∆G°is an indirect measure of the H-site hydrophobicity. However, it can be seen that the hydrophobicities of the pi class GSTs are much lower than those of other GST subunits. This point was further substantiated by determination of the enthalpic changes from van't Hoff plots. One of the most prominent thermodynamic characteristics of the hydrophobic interaction, which is entropic in nature, is that it is characterized by ∆H Ͼ 0, in contrast to electrostatic interaction and hydrogen bonding, characterized by ∆H Ͻ 0 (13, 14) . In other words, whereas polar forces are weakened on increasing the temperature, the non-polar force is strengthened. The ∆∆H°value could, therefore, be a direct indicator of the H-site hydrophobicity. The enthalpic changes evaluated from the van't Hoff plots may also represent the microscopic hydrophobic interaction in the main as the linear relationships were valid within the temperature range. The ∆∆H°value evaluated for subunit 7 (0.5 Ϯ 0.1 kJ/mol) was much smaller than that for subunit 1 (5.9 Ϯ 0.2 kJ/mol) confirming the H-site hydrophobicity of the pi class GST-P to be much lower than that of the alpha class enzyme. The complementary change was also demonstrable with GST1-1 (∆∆H°Ͼ 0), but not so much with GST7-7 (∆∆H°ജ 0). It was noteworthy that the binding interaction for GST1-1 was highly dependent on temperature, while that of GST-P was almost independent of it. In addition, changes in the two basic chemical interactions, polar and nonpolar ones, are very contrasting with the former GST species (Figure 4a ). The G-and H-site bindings are typical of the hydrophilic and hydrophobic interactions (11, 26, 27, 29) , which are correlated well with the log K i,min and ∆∆G°parameters, 1669 respectively. It might also be added that entropic nature of the hydrophobic interaction was tested experimentally. Furthermore, ∆∆G°values observed for GSTs were much larger than 2.9 kJ/mol (0.7 kcal/mol) that was estimated by Tanford from the transfer of amino acid side chains from ethanol to water (14) . Accordingly, the merits of LFER analysis of the microscopic hydrophobic interaction in macromolecular systems can be summarized as follows. First, thermodynamic parameters, ∆∆G°, ∆∆H°and ∆∆S°, for the microscopic hydrophobic interactions are determinable, whereby ∆∆G°and ∆∆H°could be indirect and direct measures of the active site or binding site hydrophobicity of isoenzymes or proteins respectively. This may especially be useful in order to characterize the unspecified hydrophobic force in macromolecules. Secondly, the inhibition constant, K i,min value, which corresponds to the substrate inhibition constant, is estimable easily. Thirdly, active site or binding site lengths of enzymes and proteins are measurable with appropriate inhibitors as 'yard sticks'.
Biochemical significance of the GST-P specificity for weak electrophiles i.e. water-soluble carcinogens
The observed very low H-site hydrophobicity of GST-P is in agreement with a number of previous findings. Although the isoenzyme exihibits broad substrate specificity, it was found to be fairly selective for less hydrophobic or water-soluble substrates such as ethacrynic acid and acrolein (1, 2, 8, 25) . In addition, it is highly resistant to various hydrophobic inhibitors (8, 10) . Recently, Ji et al. (26) observed that the hydrophobic cavity of human GSTP1-1 is half hydrophobic and half hydrophilic, and is defined by eight amino acid residues and five water molecules forming the H-site 'water network' based on the crystallographic studies on GSTs (11, (27) (28) (29) (30) . It is of interest to examine the water-accessible non-polar surface areas of the GST subsites by the thermodynamic approach of Spolar et al. (31) on the basis of the accurate three-dimensional data to evaluate the H-site hydrophobicity. Additional crystallographic data especially those of GST-P and GST1-1 are required for detailed comparison. Present functional data shed light on the following points. The H-site hydrophobicities were in the order: mu Ͼ alpha Ͼ pi, for the GSTs of rat and man ( Figure 6 ). It is important to note that the quantitative differences in the H-site hydrophobicity could account for the broad and overlapping substrate specificities of the three class GSTs of alpha, mu and pi based on the non-specific nature of the hydrophobic interaction. There are enough data to indicate that the H-site of subunit 1 is highly hydrophobic as it is the 'ligandin' subunit that binds various organic anions including carcinogenic species (32, 33) . The strong hydrophobicity of the mu class GSTs was rather unexpected, but agrees very well with the high sensitivity to hydrophobic inhibitors (2, 8, 9) . The mu classes are selective for epoxides and quinones (1, 2) . Accordingly, the quantitative data clearly indicate that, while the alpha and mu classes are selective for strong electrophiles, GST-P is more active against weak ones, i.e. water-soluble carcinogenic compounds that might be expected to be particularly genotoxic. The strong GSH binding affinity of GST-P as seen in the K i,min value, as well as its resistant nature to various inhibitors (8) , suggests that it is active under toxic conditions. The weak electrophile bias of GST-P could afford a biochemical basis for its specific induction in preneoplastic cells (3, 4) . The preneoplastic 'GST-P-positive foci and nodules' are detectable immunohistochemically by ABC staining method in a specific and sensitive manner (3, 34) ; however, the question has remained unanswered of why GST-P is expressed in such lesions in the rat liver induced by Ͼ100 carcinogenic agents with unrelated structures (6, 7) , and in the hepatocarcinogenic processes of LEC rats as well as after administration of the choline-deficient diet without any exogenous agents (35, 36) . The possibility that there are in all cases metabolically producible endogenous carcinogens clearly deserves consideration. There are few water-soluble endogenous carcinogens other than unsaturated aldehydes such as acrolein and hydroxyalkenals (2, 37, 38) . The 6-fold elevation of GST-P activity in the cyclophosphamide-resistant Yoshida hepatoma cell line compared with the sensitive controls is noteworthy as the anti-cancer agent is acrolein-producible in vivo (39) . Weak electrophile selective characteristics are also more prominent for the human pi class GSTP1-1 (which will soon be reported elsewhere) and thus the pi class enzymes could be selective for otherwise undetoxifiable carcinogens. The protein contents of GST-P in the preneoplastic cells can be estimated to be as high as 4-5% of total cytosolic proteins (5). These biochemical characteristics of the pi class enzymes are renewing the carcinogen-detoxifying potential of the enzyme overexpressing preneoplastic and neoplastic cells. Although paradoxical, the present finding also defines a host-defensive role of the preneoplastic cells against the carcinogenic insult and various other data support this notion. The beneficial aspect of preneoplastic cells implicated in the malignancy of cancer warrants further examination not only from the view-point of cancer biology, but also from that of cancer chemotherapy.
